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Superresolution ﬂuorescence microscopy overcomes the diffrac-
tion resolution barrier and allows the molecular intricacies of life to
be revealed with greatly enhanced detail. However, many current
superresolution techniques still face limitations and their imple-
mentation is typically associated with a steep learning curve.
Patterned illumination-based superresolution techniques [e.g.,
stimulated emission depletion (STED), reversible optically-linear
ﬂuorescence transitions (RESOLFT), and saturated structured illumi-
nation microscopy (SSIM)] require specialized equipment, whereas
single-molecule–based approaches [e.g., stochastic optical recon-
struction microscopy (STORM), photo-activation localization mi-
croscopy (PALM), and ﬂuorescence-PALM (F-PALM)] involve
repetitive single-molecule localization, which requires its own set
of expertise and is also temporally demanding. Here we present
a superresolution ﬂuorescence imaging method, photochromic
stochastic optical ﬂuctuation imaging (pcSOFI). In this method, ir-
radiating a reversibly photoswitching ﬂuorescent protein at an
appropriate wavelength produces robust single-molecule intensity
ﬂuctuations, from which a superresolution picture can be extracted
by a statistical analysis of the ﬂuctuations in each pixel as a function
of time, as previously demonstrated in SOFI. This method,which uses
off-the-shelf equipment, genetically encodable labels, and simple
and rapid data acquisition, is capable of providing two- to three-
fold-enhanced spatial resolution, signiﬁcant background rejection,
markedly improved contrast, and favorable temporal resolution in
living cells. Furthermore, both 3D and multicolor imaging are readily
achievable. Because of its ease of use and high performance, we
anticipate that pcSOFI will prove an attractive approach for
superresolution imaging.
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Fluorescence imaging has become one of the major avenuesfor analyzing various molecular events underlying cellular
processes. Even though many ﬂuorophores can be used as mo-
lecular labels, direct observation at the molecular length scale is
hampered by the diffraction of light. To provide a more detailed
image of molecular events in cells, a number of techniques have
been recently developed that bestow far-ﬁeld ﬂuorescence mi-
croscopy with fundamentally unlimited spatial resolution (1, 2).
These techniques, either based on patterned illumination [such
as stimulated emission depletion (STED) microscopy (3, 4), re-
versible optically linear ﬂuorescence transitions (RESOLFT)
microscopy (5), and saturated structured illumination micros-
copy (SSIM) (6)] or repeated single-molecule localization [such
as photo-activation localization microscopy (PALM), stochastic
optical reconstruction microscopy (STORM), ﬂuorescence-
PALM (F-PALM), ground-state depletion microscopy (GSDIM)
microscopy (7–10)], are capable of improving spatial resolution
by over an order of magnitude. However, these methods still face
limitations. STED, RESOLFT, and SSIM microscopy require
specialized equipment, and are less amenable to repeated im-
aging of genetically labeled samples. On the other hand, tech-
niques based on single-molecule localization are temporally
demanding and require high signal-to-noise ratios, which often
limit the technique to total internal reﬂection (TIRF) excitation.
These complications have hindered their application by many
potential users, whereas repeated, fast, and 3D imaging remains
challenging, especially in living systems.
A recent addition to this ﬁeld is superresolution optical ﬂuc-
tuation imaging (SOFI), based on the statistical analysis of
temporal ﬂuorescence ﬂuctuations. SOFI does not require spe-
cialized equipment and can produce subdiffraction images over
a broad range of imaging conditions, including low signal-to-
noise and high background (11, 12). In SOFI, a dataset of tens or
hundreds of images is acquired at high speed, using ﬂuorophores
that can switch between a ﬂuorescent and nonﬂuorescent state
repeatedly. Due to the continuous cycling of the ﬂuorophores
between these states, the recorded images are highly dynamic,
with no two images identical. A superresolution picture is then
extracted from this dataset by recording the ﬂuorescence ﬂuc-
tuations in each pixel as a function of time and calculating the
cumulant of the resulting distribution (11). The exact resolution
improvement depends on the order of the analysis; a factor of n
improvement can be achieved with the calculation of the nth
order cumulant (13). In addition to robust spatial resolution
improvements, SOFI allows improved contrast, background re-
jection, and favorable temporal resolution (12). Whereas SOFI
can be performed on any sufﬁciently sensitive imaging system,
including confocal systems, in practice it is most conveniently
applied to wide-ﬁeld imaging systems (using a 2D detector) due
to the increased efﬁciency afforded by the parallel readout of
multiple pixels.
The main advantages of SOFI are its technical simplicity,
merely requiring repeated image acquisitions without mod-
iﬁcations to the imaging process itself, and its robustness to
nonideal imaging conditions. Even though higher order corre-
lations can become susceptible to noise-induced distortions, an
∼80-nm resolution (third order) and an ∼60-nm resolution
(fourth order) have been achieved (11). The ability to achieve
a high resolution mainly depends on the characteristics of the
ﬂuorophores. The ﬂuorophores must display ﬂuctuations that
are sufﬁciently slow to be resolvable compared with the acqui-
sition time (tens of milliseconds in practice), but persistent to be
observable over the full measurement duration. This has largely
limited the technique to quantum dots (11) and organic ﬂuo-
rophores in a carefully controlled buffer (14), hindering its ap-
plication in most biological settings.
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We set out to develop a superresolution imaging method for
the real-time visualization of living biosystems based on SOFI.
We found that reversibly photochromic labels produce highly
robust intensity ﬂuctuations in living systems without the need
for special sample preparation. The resulting data provide a two-
to threefold enhanced spatial resolution, markedly improved
contrast, and a temporal resolution of a few seconds in living
cells using a commercial “off the shelf” imaging system. We ﬁnd
that the same concepts are readily extendable to two-color and
3D imaging.
Results
Reversibly Photochromic Labels Provide Robust Single-Molecule
Fluctuations. Despite their differences, almost all subdiffraction-
limit ﬂuorescence imaging techniques beneﬁt from or require the
use of ﬂuorophores that possess speciﬁc physicochemical prop-
erties beyond the mere emission of a ﬂuorescence photon in
response to an excitation photon (15, 16). To search for a ge-
netically encodable ﬂuorescent label for ﬂuctuation imaging, we
chose to initially focus on the reversible photoswitchable ﬂuo-
rescent protein Dronpa (17–20). Dronpa can exist in a ﬂuores-
cent or nonﬂuorescent state; both of which are thermally stable
on a timescale of hours. Excitation of Dronpa with blue-green
light (e.g., 515 nm) induces bright ﬂuorescence emission, but
also causes its ﬂuorescence to disappear in time, from where it
can be recovered very efﬁciently when irradiated with weak UV
light (e.g., 405 nm). The high contrast and reversibility of this
reversible photoswitching have allowed Dronpa to be used in
a number of superresolution experiments (21, 22).
Despite its positive characteristics, the reversible photo-
switching of Dronpa can be a complication in some cases. As
shown in Fig. 1A, Dronpa ﬂuorescence does not disappear
completely when irradiated at 488 nm, but instead reaches
a plateau at a very low level, a phenomenon also observed by
other researchers (18, 20, 23). Using sensitive equipment this low
emissive state can be visualized directly, painting a surprisingly
dynamic picture in which the continuous activation and de-
activation of individual molecules is apparent (best appreciated
by viewing Movie S1). We attribute these single-molecule ﬂuc-
tuations to an equilibration of the light-induced on and off
switching. Although there does not appear to be signiﬁcant ab-
sorption by the nonﬂuorescent state at wavelengths used for the
excitation of the ﬂuorescence (Fig. 1B), this observation can be
explained by noting that the efﬁciency of the on switching is
orders of magnitude higher than that of the off switching (17),
which compensates for the weak absorption of the 488-nm light
by the nonﬂuorescent state. Further support for this hypothesis
comes from our observation that over 90% of the ﬂuorescence of
Dronpa can be recovered by irradiating at 457 nm, a wavelength
just slightly shorter than 488 nm. However, these ﬂuctuations
also appear when exciting at 514 nm, suggesting that both
a protonated and deprotonated form of the chromophore may
be involved (18). The ﬂuctuations remain observable over several
minutes or more of continuous irradiation, which allows them to
be captured over many frames (Movie S1).
These data showed that Dronpa delivers robust single-mole-
cule intensity ﬂuctuations that are observable over extended
periods. We hypothesized that this behavior of Dronpa provides
a necessary, sufﬁcient, and convenient way to achieve the
requirements inherent to SOFI imaging (Fig. 1C). At the same
time it also effectively solves the problem of labeling density:
because the equilibrium favors the nonﬂuorescent state when
Dronpa is excited at 488 nm, ﬂuctuations caused by the sto-
chastic on switching of individual ﬂuorophores can be readily
detected. Additionally, for samples that are sparsely labeled, the
equilibrium could be shifted to favor the ﬂuorescent state by
using a more blue-shifted excitation wavelength or concomitant
UV excitation.
Superresolution Imaging. To determine whether this ﬁnding could
lend itself to superresolution imaging, we fused Dronpa with
a targeting motif derived from Lyn kinase, which targets the
sphingolipid- and cholesterol-enriched microdomains within the
plasma membrane (24). HeLa cells expressing Lyn-Dronpa were
not treated in any way except to replace the medium with a bal-
anced salt solution immediately before imaging on a TIRF mi-
croscope. Upon excitation with a 488-nm laser, we found that the
initially bright ﬂuorescence rapidly gave way to the dynamic
ﬂuctuations described above. We acquired 400–1,000 frames in
rapid succession (10-ms exposure time per frame) and analyzed
the resulting stack of images using a second-order cumulant
analysis (11, 13) implemented in homemade software. As shown
in Fig. 2, ﬁlopodia-like protrusions at the periphery and on the
surface of the cell were highlighted in the processed image,
similar to reported examples of fusion proteins targeted by the
N-terminal sequence of Lyn kinase (24, 25). A comparison be-
tween the averaged raw image and the processed image showed
a signiﬁcant enhancement in resolution and contrast (Fig. 2). We
quantiﬁed the increase in optical resolution (SI Appendix, Sup-
plementary Method, and Fig. S1), and found an approximate
factor-of-two improvement in spatial resolution (about 120 nm)
compared with conventional image, consistent with our use of
second-order cumulant analysis. This twofold-resolution increase
can be obtained already from a low number of acquired images
(SI Appendix, Fig. S2). We also found that some measurements,
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Fig. 1. Dronpa provides robust single-molecule ﬂuctuations. (A) Detected
ﬂuorescence emission of a HeLa cell expressing Lyn-Dronpa upon irradiation
at 488 nm. (B) Absorption spectra of Dronpa in the ﬂuorescent (red) and
nonﬂuorescent (blue) states and its emission spectrum excited at 488 nm
(green). (C) Excerpt from a pcSOFI acquisition showing six consecutive
images acquired on a HeLa cell expressing Lyn-Dronpa, revealing the subtle
differences between the images due to the emitter ﬂuctuations (see also
Movie S1).
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especially those acquired using TIRF imaging, could be analyzed
using a third-order cumulant and resulted in a further enhanced
spatial resolution (Fig. 3 and SI Appendix, Figs. S3 and S4).
Although this was not possible with all samples due to the in-
creased sensitivity to noise, future optimization should help
achieve this further enhancement of spatial resolution more
readily. In addition to offering a higher imaging resolution, the
pcSOFI images also contain twice or three times as many pixels
compared with the raw image, which permits more detailed vi-
sualization of ﬁne details. The additional pixels arise through the
calculation of cross-cumulants between adjacent pixels (13).
Whereas TIRF imaging provides a high signal-to-noise ratio, it
is limited to observing regions close to the surface. To test
whether we could apply the pcSOFI strategy in the epiﬂuor-
escence (epi) mode, we generated another construct containing
Dronpa fused to a targeting sequence from DAKAP-1, which
targets the outer membrane of mitochondria (26), and imaged
HeLa cells expressing DAKAP-Dronpa using epi-illumination.
The second-order processed image showed a signiﬁcant en-
hancement in resolution and contrast (Fig. 4 and SI Appendix,
Fig. S5). We observed slightly lower improvements (about 160
nm) for the DAKAP-targeted samples, which we attribute to
a combination of reduced signal-to-noise and slight motion
during the acquisition. Morphologies revealed by our DAKAP-
targeted probe were in good agreement with previous imaging of
the mitochondria (27), occasionally resolving hollow mitochon-
drial structures that were also seen in other superresolution
imaging experiments (28). Thus, this method can be used on
existing imaging systems in either TIRF or epi mode, providing
a two- to threefold enhanced spatial resolution and a temporal
resolution of a few seconds in living cells. The additional attributes
include markedly improved contrast and enhanced background
rejection (SI Appendix, Fig. S6). We termed this technique “pho-
tochromic stochastic optical ﬂuctuation imaging” (pcSOFI).
Three Dimensional pcSOFI. Life is not restricted to two dimensions,
and any comprehensive imaging technique should therefore
adapt to fully 3D operation. Despite recent advances (29, 30),
extended 3D imaging of live cells over a depth of several
micrometers or more remains a challenge with most of the
available superresolution imaging methods. This challenge is as-
sociated with the accelerated photodegradation that is typically
a byproduct of the high intensities used in superresolution imag-
ing, and the restriction to TIRF imaging due to the requirement of
background reduction.
The robustness of the photochromism-based ﬂuctuations in
pcSOFI, as well as the inherent capacity of ﬂuctuation imaging to
deal with reduced signal-to-noise (12), led us to investigate
z-stack–based 3D imaging. Using an excitation light of 488 nm,
we performed a stack-based image acquisition on a living HeLa
cell expressing DAKAP-Dronpa. Seven pcSOFI datasets were
acquired in rapid succession, each spaced over a 0.5-μm interval
and individually analyzed using the 2D cumulant. Each cumulant
calculation considers only a single xy plane and effectively
attenuates the contribution of out-of-focus ﬂuorescence (11). A
projection of the reconstructed 3D volume is shown in Fig. 5; the
full set of projections is available as Movie S2. These data show
the marked increase in detail that is available using pcSOFI. The
total depth over which images could be acquired was mainly
limited by the thickness of the cells. The imaging can be ex-
tended straightforwardly to thicker samples, with the caveat that
success depends on a careful balance between imaging speed and
chromophore photobleaching. Thus, 3D-pcSOFI provides a fea-
sible way of producing 3D images of live cells at subdiffraction-
limit resolution. Moreover, given the temporal resolution of
a few seconds for each pcSOFI image, it also has the potential to
reveal dynamic information in 3D.
Dual-Color pcSOFI.Multicolor imaging provides a powerful method
for dissecting the dynamic interaction and compartmentalization
of biomolecules. To achieve multicolor pcSOFI, we turned our
Fig. 2. Superresolution imaging with pcSOFI. Conventional (Left) and
pcSOFI (Right) images acquired on a Lyn-Dronpa–labeled HeLa cell using
TIRF-mode excitation. The smaller images show two expansions. (Scale bars,
10 μm in the main images and 1 μm in the expansions.)
A B C
Fig. 3. Different analyses of pcSOFI. (A) conventional, (B) second-order, and
third-order pcSOFI image showing an Inset of the measurement in Fig. 2.
(Scale bars, 1 μm.)
Fig. 4. pcSOFI in epiﬂuorescence mode. Epi-mode section of a HeLa cell
labeled with DAKAP-Dronpa visualized using conventional imaging (Left)
and pcSOFI (Right). The smaller images show two expansions. (Scale bars,
10 μm in the main images and 1 μm in the expansions.)
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attention to other switchable ﬂuorescent proteins with a shifted
spectrum compared with Dronpa. We considered the recently
published rsTagRFP a candidate for pcSOFI due to its largely
analogous photochromic behavior to Dronpa (31). We replaced
Dronpa with rsTagRFP in the DAKAP and Lyn fusion constructs
and imaged HeLa cells expressing Lyn-rsTagRFP and DAKAP-
rsTagRFP. Analogous to what was observed with Dronpa, we
found that illumination with a single wavelength of 561 nm led to
signiﬁcant ﬂuctuations in rsTagRFP ﬂuorescence (Movie S3 and
SIAppendix, Figs. S7 and S8).Additionally, the spectral separation
ofDronpa and rsTagRFP is sufﬁcient to allow the distinguishing of
their ﬂuorescence (SI Appendix, Fig. S9).
For simultaneous two-color imaging, we prepared additional
fusion constructs in which Dronpa and rsTagRFP are fused to
a targeting motif derived from either K-ras4B or Lyn kinase. Kras
targeting motif combines a farnesylated cysteine residue with
a polybasic sequence to target nonraft microdomains in the
plasma membrane (32). On the other hand, the targeting motif
from Lyn kinase is known to target membrane raft microdomains
through myristoylation and palmitoylation (24, 33, 34). We ex-
amined the localization of Lyn-rsTagRFP and Kras-Dronpa as
well as Lyn-Dronpa and Kras-rsTagRFP using two-color pcSOFI.
The dual-color imaging of Dronpa and rsTagRFP was performed
in a sequential fashion, but can be interleaved to achieve ap-
proximate simultaneity. The necessity of sequential excitation in
this case is due to the fact that the 488-nm irradiation required for
Dronpa activates rsTagRFP, resulting in the disappearance of the
ﬂuctuations associated with the rsTagRFP photoswitching.
The results of the coimaging are summarized in Fig. 6. The
distributions of the labels appear to be broadly similar in the con-
ventional image, yet much more intricate and complex in the two-
color pcSOFI imagewith resolution comparable to that achieved in
single-color experiments (SIAppendix, Fig. S10).Wequantiﬁed the
apparent colocalization by calculating the thresholded Pearson’s
correlation coefﬁcient, r, resulting in the data shown inFig. 6C. The
increased level of detail in thepcSOFI images results in a signiﬁcant
(P< 10−4) decrease in correlation coefﬁcient from0.63 to 0.02. The
lack of signiﬁcant colocalization of Lyn-rsTagRFP and Kras-
Dronpa is consistent with ﬁndings of a previous study in which
a ﬂuorescence resonance energy transfer (FRET) analysis showed
ﬂuorescent proteins targeted through myristoylation/palmitoyla-
tion and those through prenylation were not clustered (24). This is
contrasted with control experiments whereDronpa and rsTagRFP
were targeted to the same membrane raft domain (SI Appendix,
Fig. S11). Furthermore, cell treatment with methyl-β-cyclodextrin
(MβCD) to perturb membrane microdomains by partially de-
pleting cholesterol resulted in a signiﬁcant (P < 10−4) increase in
Dronpa/rsTagRFP colocalization in pcSOFI images (Fig. 6C). This
result further supports the idea that membrane rafts and nonraft
regions within the plasma membrane are functionally distinct and
spatially segregated microdomains. These measurements demon-
strate the direct applicability of pcSOFI in uncovering details that
remain obscured in conventional imaging, while retaining the same
level of convenience and ease of use.
Discussion
In this work we described a unique modality for superresolution
imaging, pcSOFI, and show that it can be applied to yield ﬂuo-
rescence images with a subdiffraction limit spatial resolution.
The key element in pcSOFI is the use of reversibly photochromic
Fig. 5. 3D pcSOFI. Projection of a 3D stack recorded on a HeLa cell labeled
with DAKAP-Dronpa. The full set of projections is available in Movie S2. Left
and Right images denote the conventional and pcSOFI images, respectively.
(Scale bar, 10 μm.)
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Fig. 6. Dual-color pcSOFI. (A) HeLa cell labeled with Lyn-Dronpa (green) and Kras-rsTagRFP (red), showing the conventional and pcSOFI image. (B) Expansions
of areas in A. [Scale bars, 10 μm (A) and 1 μm (B), respectively.] (C) Bar chart showing the mean value of the thresholded Pearson’s correlation coefﬁcient
calculated for the conventional and pcSOFI images with and without methyl-β-cyclodextrin (MβCD) treatment (error bars show the SEM, n = 12) (P < 10−4).
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labels, which generate robust single-molecule ﬂuctuations when
illuminated with light of an appropriate wavelength. We attri-
bute this ﬂickering to an equilibrium of the light-induced on and
off switching. Furthermore, we expect that by tuning the exci-
tation wavelength, the equilibrium distribution of ﬂuorophore
between the ﬂuorescent and nonﬂuorescent state can be shifted.
This adaptability, derived from the speciﬁc properties of the
reversibly photoswitching ﬂuorophores, could help cope with
very different label concentrations in different samples, while
allowing the imaging to be tailored to both fast acquisition and
optimal performance.
Because the pcSOFI image is the result of a cumulant analysis,
the computed intensities in each pixel of the image are no longer
trivially related to the recorded ﬂuorescence intensity (SI Appen-
dix, Supplementary Discussion). However, the recorded signal is
directly proportional to the local concentration provided that all
ﬂuorophores display the same switching and emission properties
(11).Another issue that can complicate the quantitative analysis of
pcSOFI images is the dependence of the image on the evenness of
the illumination. However, this can be corrected straightforwardly
by empirically measuring the evenness using a homogeneously
ﬂuorescent sample (e.g., a slide made of ﬂuorescent plastic). In
addition, pcSOFI imaging does not require that the ﬂuorophores
remain immobile throughout the measurement, and in general
probe diffusion will not introduce artifacts except under certain
conditions (SI Appendix, Supplementary Discussion).
The above implementation of pcSOFI represents a minimum
learning curve for current users of conventional ﬂuorescence im-
aging. This technique is compatible with a range of microscopy
hardware operated in TIRF or epi mode, equipped with a sensitive
camera (such as an electron-multiplying CCD) and using lasers or
other light sources. Such systems are readily commercially avail-
able and are present inmany research groups. The data acquisition
is straightforward, and the postprocessing is done using software
implemented in Igor Pro (called Localizer). By using genetically
encoded labels, avoiding any special treatment or preparation, and
using commonly used imaging systems, this technique should prove
attractive to a large number of researchers.
In addition to being comparatively easy to implement, pcSOFI
also shows strong performance. One attractive feature is the
markedly reduced background and enhanced contrast in pcSOFI
images. Cellular autoﬂuorescence or other potentially interfering
ﬂuorophores that do not exhibit fast ﬂuctuations on the acqui-
sition time scale become essentially invisible in pcSOFI (SI
Appendix, Fig. S6). Furthermore, unlike the point-scanning
techniques such as STED and RESOLFT where imaging speed is
inﬂuenced by the area of the image ﬁeld and pixel size, or
STORM/PALM/FPALM where temporal resolution is limited
by the time required to accumulate sufﬁcient ﬂuorophore lo-
calization density, the temporal resolution of pcSOFI is de-
termined by exposure time and number of frames required. In
practical terms, this duration can be as short as 5 s under current
conditions. Although dynamic processes occurring faster than
this time scale could lead to blurring in our implementation,
optimization of imaging conditions and available hardware as
well as improved ﬂuorescent labels should further improve the
temporal resolution. Whereas the spatial resolution provided by
pcSOFI is not as high compared with STED or PALM/STORM,
it provides an attractive alternative for dynamic imaging of living
systems with genetically encoded labels and offers convenience
and compatibility with multicolor and 3D imaging. Perhaps the
closest alternative to pcSOFI in terms of spatial resolution is
structured illumination microscopy (SIM), and its nonlinear
variant SSIM, both of which require extensive modiﬁcations to
the imaging system. Compared with pcSOFI, SIM does not re-
quire special ﬂuorophores, but is limited to a twofold increase in
resolution. SSIM recently demonstrated a 40-nm resolution us-
ing the Dronpa photoswitching to induce ﬂuorescence saturation
(35), but requires a custom-built imaging system as well as the
addition of a cytotoxic antifade reagent to counteract photo-
destruction of the label. Given its accessibility and strong per-
formance, we expect that pcSOFI will ultimately prove to be
a complementary and highly valuable addition to the existing
superresolution techniques.
Materials and Methods
Constructs. Plasmids encoding Dronpa and rsTagRFP were kindly provided by
Dr. Atsushi Miyawaki (RIKEN Brain Science Institute, Tokyo) and Dr. Vladislav
Verkhusha (Albert Einstein College of Medicine, New York, NY). Dronpa and
rsTagRFP were ampliﬁed by PCR and ligated into the pCDNA3 expression
vector already containing the Lyn, Kras, or DAKAP targeting motifs.
Cell Transfection. HeLa cells were cultured in phenol red-free DMEM sup-
plemented with 10% (vol/vol) FBS and plated onto sterilized glass coverslips
mounted in 35-mm tissue culture dishes. Twenty-four hours before imaging
these cells were transfected using either Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions or calcium phosphate-mediated
transfection. We found that both approaches produced comparable results.
Immediately before imaging, the cells were washed twice with HBSS and
ﬁnally imaged in HBSS at ambient temperature.
Imaging. Imaging was performed on two different systems. The ﬁrst system is
a homebuilt TIRF system based on an Olympus IX-71 microscope equipped
with a 100× NA 1.45 objective. Also installed on this setup is a Spectra-Physics
2018-RM multiline argon-krypton laser and a PhotoMetrics Cascade 512B
electron-multiplied camera. This system was used to acquire the data in Figs.
2, 3, 4, and 5 and Movies S1 and S2, using 488 nm light from the laser in
either epi or TIRF mode. Excitation and emission light were ﬁltered using an
Olympus C52009 ﬁlter cube. The total magniﬁcation of the imaging system
resulted in an optical pixel size of about 109 nm.
The second system is an integrated and manufacturer-installed TIRF
system from Nikon, based on a Ti-E inverted microscope and equipped with
a 70-mW air-cooled argon ion laser and a 100-mW Coherent Sapphire
561-nm laser. Imaging was performed using a NA 1.49 CFI APO 100× TIRF
objective and a manufacturer-installed GFP/RFP dual band dichroic. Emis-
sion was ﬁltered using the included GFP and RFP ﬁlters, model numbers
89002 and 89017, respectively. Fluorescence was detected using a Photo-
Metrics Evolve 512 × 512 electron-multiplied camera, with an optical pixel
size of about 107 nm. This system was used to acquire the two-color data
in Fig. 6 and Movie S3.
pcSOFI images were calculated from acquisitions containing between
400 and 3,000 frames, using either 488-nm excitation (Dronpa) or 561-nm
excitation (rsTagRFP). We found little beneﬁt from acquiring more than
1,000 frames. We found that EMCCD exposure times of 10–50 ms yielded
satisfactory results, with the electron multiplication gain set to 3500
(Cascade) and 741 (Evolve). In general the optimal exposure time will
depend on the excitation intensity, with higher excitation intensities
allowing shorter acquisition times. In our hands we found that total ex-
citation powers, measured after the objective in epi mode, of 3–7 mW
were appropriate. Usable data could be acquired over acquisition times
ranging from as low as 5 s to minutes. Whereas these excitation intensities
may appear on the high side, we note that they are lower than or similar
to the intensities typically used in PALM/STORM experiments. In fact, this
imaging does not even require a laser light source: we have been able to
acquire subdiffraction images with Dronpa using only the 100-W HBO
lamp installed on the Olympus system.
Analysis. The acquired data were analyzed using the Localizer software de-
veloped for Igor Pro (WaveMetrics) and Matlab (MathWorks) involving
a second-order cross-correlation basedon previously published algorithms (11,
13). In addition to providing an increased spatial resolution, this calculation
also provides an increased number of pixels through the calculation of cross-
cumulants (13). Instead of the direct Fourier reweighing scheme published
previously, which is fairly sensitive to measurement noise, we applied be-
tween two and six iterations of a Richardson-Lucy deconvolution (as imple-
mented in Igor Pro) to obtain the full resolution increase afforded by the
ﬂuctuation imaging. For comparison, a conventional image was constructed
by straightforward averaging of the frames used in the pcSOFI calculation.
For reconstructing 3D projections we imported the calculated pcSOFI images
into ImageJ (http://imagej.nih.gov/ij/) and made use of the built-in “3D pro-
ject” functionality with the default settings. However, to render the increase
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in detail clearly visible in the 3D projections, we artiﬁcially increased the
spacing between the layers from the true value of 0.5 to 2 μm.
Colocalization analysis of the two-color data was based on the calculation
of Pearson’s correlation coefﬁcient after image segmentation. Brieﬂy, both
the conventional and pcSOFI images were independently segmented using
iterative thresholding as implemented in Igor Pro. The segmentation was
applied to both the red and green channels, and these respective segmen-
tations were combined using a logical OR operation to arrive at the applied
segmentation. The correlation coefﬁcient was then calculated using the
“StatsCorrelation” operation in Igor Pro, including only nonbackground
pixels as determined by the segmentation. We found that this analysis
yielded essentially identical results using per-wavelength acquisition times
ranging from 5 to 50 s. Of the 18 cells included in the analysis, 10 were
transfected with Lyn-Dronpa and Kras- rsTagRFP, and the remaining 8 were
transfected with Lyn-rsTagRFP and Kras-Dronpa, leading to very similar
results. We checked the registration shift between the green and red
emission channels by imaging TetraSpeck beads of 100 nm diameter (Mo-
lecular Probes) and recording the emission in both the green and red
channels. The resulting registration shift was ∼10 nm, which is negligible
compared with the optical pixel size of the camera (107 nm).
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